We performed sagittal splitting osteotomy using fresh, unfixed cadavers. Observation was carried out macroscopically and with light microscopy and 3-dimensionally reconstructed images. The aim of this study was to clarify the relationship between the fracture line and the Haversian canal and Haversian lamellae. Macroscopic observation revealed that the fracture line run through the mandibular angle from the inferior rim of the mandibular ramus towards the posterior rim, passing almost through the center of the ridgeline. Histological observation showed that the fracture line tended to run along the curve of the lamellar structure. The incidence of the fracture line running along the lamellar structure of the Haversian lamellae was approximately 65% (21 cases), and the incidence of the fracture line also cutting across the Haversian canal without passing along the lamellar structure of the Haversian lamellae was approximately 35% (11 cases). Observation of 3-dimensional reconstruction images revealed that the section of Haversian canal near the mandibular angle essentially runs from the mandibular head to the inferior rim of the mandible, and that the fracture plane ran similarly. The direction of an impact-associated bone fracture line is infiuenced by the structures that constitute the lamellar bone such as Haversian canals, Haversian lamellae and interstitial lamellae, with fracture lines tending to run through those parts of the bone that have a low physical bond strength. This suggests that the ideal direction of action of the bone chisel in sagittal splitting surgery is the one in which no resistance to the path of the Haversian canal is encountered.
Introduction
The sagittal splitting method is the most commonly technique in orthognathic sur-to split the mandibular ramus in the sagittal direction without difficulty. This suggests that the mandible has an orientation and structure which make it easy for the fracture line of the mandible to propagate 2, 10, 12) . A report from an earlier study showed that the fracture line run in a specific direction in long bone 5, 11) . Since the mandible has the characteristics of a long bone, we focused attention on the fracture line of the mandible 5) . This study was conducted on mandibles from fresh and unfixed human cadavers. The mandibles were split using the basic technique, and the relationship between the split faces and the Haversian canal, Haversian lamellae and interstitial lamellae was histologically investigated. Based on the histological findings, we restructured them in a 3-dimensional manner to analyze fracture line formation from a variety of perspectives.
Materials and Methods
Two fresh, unfixed cadavers of Japanese persons (aged in their 50s) in the morgue of Tokyo Dental College's Anatomical Department were used. Two mandibles (4 sides) with no deformation or lesions and no tooth loss were used for the experiments. All experiments were carried out in accordance with the rules established by the Tokyo Dental College Ethics Committee.
Excision of mandible
Mandibles were excised from fresh corpses. After removing the soft tissue adhering to the bones, sagittal splitting of the mandibular ramus was performed by the Obwegeser method 2, 3, 10) .
Sagittal splitting using the Obwegeser method
Osteotomy of the cortical bone on the inner side of the mandibular ramus was performed parallel to the occlusal plane in the center of the mandibular incisure and mandibular foramen by means of a Lindemann bar. Following this, a guide hole was made on the anterior edge of the mandibular ramus with a drill. Osteotomy of the cortical bone on the buccal side of the distal end of the second large molar on the same mandibular side was performed. Along this guide hole, the cortical bone on the anterior rim of the mandibular ramus was cut with a bone saw. The depth to which the bone was cut was equal to the depth required to reach the cavernous bone. In other words, the cutting edge of the bone saw was advanced to a depth of approximately 1cm, and the horizontal bone cutting line on the inner side of the mandibular ramus was made continuous with the vertical osteotomy line on the buccal side to the rear of the second large mandibular molar. Into the osteotomy line made with the bone saw we then inserted a bone chisel in the direction facing the mandibular angle and hammered the bone chisel intermittently home into the osteotomy line to split the bone into an outer and an inner fragment (Fig. 1) . The splitting operation was carried out with a 200g hammer by a single surgeon, taking care to hammer the chisel in from the same height.
Determining observation area and excision
After splitting the mandibular ramus on both sides, we cut the exact center into a left and right half with a hard tissue cutter (Trimmer MC-130 manufactured by Maruto). The outer and inner bone fragments obtained by splitting the mandibular ramus were then again superimposed upon each other. In this way, as shown in Fig. 2 , we then determined a plane 10 mm superior to the inferior plane of the mandible and parallel thereto (hereinafter, referred to as Plane a), and another plane perpendicular to Plane a and 10 mm anterior of the posterior rim of the mandibular ramus (hereinafter, referred to as Plane b). Excision of the bone was then performed with a hard tissue cutter along these two planes. The excised bone fragments were immersed in a 10% aqueous formic acid solution with the addition of an ion exchange resin (Amberlite, Organo Co.) for decalcification 6, 8) . After this, the outer and inner bone fragments were again superimposed upon each other and two further planes, a' and b', were then determined. These ran parallel to the inferior and posterior rims of Planes a and b at a distance of 5 mm. Next small bone fragments were excised along Planes a' and b' using a microtome trimmer. Of the resulting small bone fragments, the outer fragment was divided into 3 areas: anterior, angular, and superior. These formed the observation loci (Fig. 2 ).
Extraction of samples
The samples were washed by the normal method and dehydrated in an ascending series of ethanol concentrations from 70% to 100%. After this, the samples were embedded using an embedding (packing made by SHOWA ETHER Co., Ltd., Thiodiphosphophoric acid E) material consisting of nitrocellulose as the main component. After the hardened samples had been preserved in a 70% ethanol solvent, they were attached to a substrate in such a manner that Plane b' was parallel to the adhesive surface of the wooden substrate.
Using a 26-gauge needle, 4 parallel channels were made around the specimen. This was provided the reference point in the preparation of the 3-dimensional reconstruction images. For the preparation of thin slices, a hard-tissue microtome (Leica Sagemicrotome SM2400) was used to prepare continuous slices of a thickness of 20m. The slices were set in such a manner that the anterior and angular parts were perpendicular with respect to Plane b' and the superior part with respect to Plane a'. The fragments were then stained with hematoxylin-eosin double stain (H-E Stain below) for microscopic observation. 
Macroscopic observation
The orientation of the fracture line of the mandibular angle, the positional relationships and the shape of the surface layer of the fracture site were visually observed.
Light-microscopic observation
The relationship between the fracture line in Plane b' and the Haversian canal on the one hand and the Haversian lamellae on the other was examined. After dividing 3 locations in the Planes a, b, and b' into loci in which the Haversian canal was considered as having been split directly along the fracture line and loci in which the Haversian canal was considered not to have been split in this manner, we totaled up the sites that were so split and the sites that were not split in this manner and, based on this count we calculated the respective ratios. We excluded those loci from our calculations for which it was not possible to make a clear judgment as to the positional relationship between the fracture line and the Haversian canal.
Observation based on 3-dimensional reconstruction images
For the configuration of the 3-dimensional image reconstruction system used in this study we used a color video camera in the image input section and a personal computer and a 3-dimensional stereo-construction software program for image analysis 8) . The specimens were entered onto the computer screen via the color video camera from the microscope, and a file connecting the contour lines of the slices was then generated by tracing the specimen shapes and the contours of the Haversian canals on the computer screen. As the standards for positional alignment in generating the traces, we used the 4 points prepared in the manner described above. Based on the contour line connecting file we then carried out 3-dimensional image reconstruction and displayed this in the following 3 directions of observation. In order to permit the simultaneous observation of the shape of the bone and the path of the Haversian canal on the 3-dimensional images, we displayed both in a semi-transparent manner by using a white display for the lumina of the Haversian canal or the Volkmann canal and a red display for the other stromal elements.
Determining direction of observation (point of view)
We determined 3 directions, namely, the x-axis, the y-axis and the z-axis directions, and observed in the sagittal direction. The line connecting the mandibular center from the posterior edge of the mandibular ramus on the inferior mandibular plane was defined as the x-axis direction and the y-axis and z-axis were defined in such a manner that they constituted the directions perpendicular to this x-axis direction.
Results

Macroscopic observation
The fracture line ran somewhat toward the inner side, almost from the center of the ridgeline, in passing from the inferior rim to the posterior part of the mandibular ramus on all 4 sides (2 sides each on the left and right) in which splitting was performed (within a range of roughly 3 mm from the vertex of the ridgeline in the buccal-lingual direction). Its course followed the undulations of the ridgeline (Fig. 1). 
Light-microscopic observation
Most of the fracture line showed an undulating path which followed the curvature of the lamellar structure of the Haversian lamellae or interstitial lamellae (Fig. 3) . It was also possible, however, to discover some fracture lines that were perpendicular to the curvature of the lamellar structure. It was also possible to detect some fracture lines that ran along the lamellar structure of the Haversian lamellae, and some again that did not while there were others whose path split the Haversian canal.
The path of the fracture lines seen in the individual specimens was found to be on 
Fig. 5 3-dimensional reconstruction images (B) from anterior area (A). x-axis direction of observation (C). y-axis direction of observation (D). z-axis direction of observation (E). Haversian canal and lamellae (ᕃ). Fracture line (ᕄ).
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Fig. 7 3-dimensional reconstruction images (B) from superior area (A). x-axis direction of observation (C). y-axis direction of observation (D). z-axis direction of observation (E).
Haversian canal and lamellae (ᕃ). Fracture line (ᕄ).
Fig. 6 3-dimensional reconstruction images (B) from angular area (A). x-axis direction of observation (C). y-axis direction of observation (D). z-axis direction of observation (E). Haversian canal and lamellae (ᕃ). Fracture line (ᕄ).
average of type (1) in approximately 65% of all cases and of type (2) in approximately 35% of all cases. Thus, type (1) was found at a frequency roughly double that of type (2) (Fig. 3, 4 and Table 1 ).
Observation based on 3-dimensional reconstruction images
We then observed the superimposed frontal sections from the previously defined 3 directions.
1) Anterior part (Fig. 5-A to E)
The Haversian canals showed a path mainly in the near-distal direction and only a few of them exhibited a path or linkage in the vertical and buccal-lingual direction. 2) Angular part (Fig. 6-A to E) Although the Haversian canals did exhibited a path essentially in the near-distal direction after following the outer shape of the mandibular angle, in many cases, they ran obliquely from the top toward the bottom, in other words, the inferior margin. A path or linkage in the vertical (up-down) and buccal-lingual direction was rarely observed. 3) Superior part (Fig. 7-A to E) The path of the Haversian canal was found to be mainly in the vertical (up-down) direction. In other words, the Haversian canal ran along the posterior edge of the mandibular ramus from the top in a downward direction at the front. A path or linkage in the buccallingual and near-distal direction was rarely observed.
In the anterior, angular, and superior parts, the paths of the Haversian canals and, actual fracture lines were virtually in agreement with each other.
Discussion
Splitting based on actual surgery of the human mandible was performed and histological examination, and 3-dimensional image reconstruction were performed to shed light on the relationship between the fracture line and the Haversian canal and, Haversian lamellae from various aspects 4, 9, 11) . In this experiment, we clinically reproduced the actual surgical procedure (sagittal splitting of the mandibular ramus) by using a human mandibular ramus 4) . For this procedure, the same surgical staff and the same hammer were used so as to achieve the greatest possible constancy in the direction and magnitude of the action force.
The results revealed that some parts of the fracture line ran somewhat on the inner side of the mandibular ramus, and its path was such as to roughly uniformly fracture the center of the ridgeline. In the direction from the anterior to the posterior ridge, the mandibular ramus describes a gentle curve from the buccal to the lingual side. Because of this curve, it is not possible to reach the side of the mandibular angle directly with a bone chisel. Nevertheless, it can be supposed that the reason for the almost uniform fracturing in the center of the ridgeline lies in the fact that this is the direction in which splitting can easily occur in dense bone matter. We assumed that the path of the Haversian canal and the Haversian lamella runs in the direction equivalent to the long axis of the bone: in other words, in the near-distal direction or the direction from the head of the mandible towards its inferior rim.
If we add to this, the evidence obtained from observation by light microscopy, we may conclude that the fracture line often runs along the curve of the lamellar structure of the Haversian lamella in humans, too. It is thus believed that in the human mandible with its complex morphology, the fracture lines tend to run through those parts that have poorer physical strength, that is, the parts between the lamellae, or the part with a poor bonding strength. It is also believed that the morphology (shape) of the bone has little infiuence 4, 11, 12) . Morphological studies based on 3-dimensional visualization were previously carried out using the familiar conventional tracing paper 7, 8) and sketching technique by superimposing rubber sheets. In recent years, a significant amount of information has become available from the use of 3-dimensional image reconstruction surgery with computer graphics, a technique widely used in a range of different fields 1, 4, 9) . The system used in this study employed the surface rendering technique. In this technique, the structure of a continuous specimen observed on one sheet after another is depicted as a contour line and, these contour lines are connected to reconstruct a 3-dimensional image. The particular features of this technique are that complicated structures can be constructed and that the positional relations of different structures can be observed simultaneously. Thus, we were able to observe the directions of various Haversian canals simultaneously in this study. Yet this technique also has certain problem areas. One of the problems is the tedious and laborious task of entering the contour lines from a few tens to many hundreds of slice images into a computer. Another problem is the distortion and out-of-true that inevitably occurs to some degree, although perfect positional alignment may be achieved with the preparation of a perfect continuous slice 1) . However, in this study we focused on the direction in which the Haversian canal was oriented and the direction of the fracture line, and in this sense it can be said that we have fully achieved our purpose.
Observation of the direction of the Haversian canals based on the 3-dimensional images after taking the above into consideration revealed that the Haversian canal in the mandibular angle generally ran in an oblique direction from the posterior rim of the mandibular ramus toward the inferior rim. As the inferior rim was approached, the direction was found to be towards the near-distal direction. Based on a comparison of the 3 positions (anterior, angle, and superior), it was ascertained that the buccal-lingual direction was rarely encountered, and that essentially the direction was from the near-distal to the mandibular head. The cutting blade of the bone chisel in the sagittal splitting method is actually inserted almost exactly parallel to the basic direction of the Haversian canal. These results furnish further proof that the ideal direction of action of the bone chisel in practical surgery is the one in which no resistance to the path of the Haversian canal is encountered. This suggests that the bone chiseling is more effective in a direction where there is a relatively weak bonding force, that is, a direction in which there are no intervening structures between the lamellae.
